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ABSTRACT: Electron energy-loss spectroscopy (EELS) has become increasingly popular for detailed 
characterization of plasmonic nanostructures, owing to the unparalleled spatial resolution of this 
technique. The typical setup in EELS requires nanoparticles to be supported on thin substrates. However, 
as in optical measurements, the substrate material can modify the acquired signal. Here, we have 
investigated how the EELS signal recorded from supported silver and gold spheroidal nanoparticles at 
different electron beam impact parameter positions is affected by the choice of a dielectric substrate 
material and thickness. Consistent with previous optical studies, the presence of a dielectric substrate is 
found to redshift localized surface plasmons, increase their line-widths, and lead to increased prominence 
of higher order modes. The extent of these modifications heightens with increasing substrate permittivity 
and thickness. Specific to EELS, the results highlight the importance of the beam impact parameter and 
substrate related Čerenkov losses and charging. Our experimental results are compared with and 
corroborated by full-wave electromagnetic simulations based on the boundary element method. The 
results present a comprehensive study of substrate induced modifications in EELS and allow 
identification of optimal substrates relevant for EELS studies of plasmonic structures.    
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Noble metal nanoparticles have been studied extensively in the last few decades due to their remarkable optical 
properties, arising from the resonant interaction of their conduction electrons with incident light1. This phenomenon, 
known as localized surface plasmon (LSP) resonances, has enabled major developments in nanophotonics, with 
applications ranging from integrated optics and electronics2 to solar cells3 and biosensing4. The majority of these 
applications involve metallic nanoparticles and nanostructures supported on dielectric substrates. While several 
qualitative aspects of such setups can be appreciated and understood without an account of the neighboring dielectric 
environment5,6, a complete account necessarily requires a full treatment of the entire optical environment, including 
the substrate. Partial accounts, which incorporate some features of the neighboring dielectric environment, for 
instance through effective homogeneous cladding approximations7,8, have been shown to improve quantitative 
agreement between measurements and theory. However, they omit several important characteristics of the 
compound system, whose properties require a fuller description9–13. Several of those features can be treated within 
the image dipole perspective; there, the induced polarization of the nanoparticle introduces an induced polarization 
in the substrate, taking the form of a sum of multipoles at the image position. This multiple scattering coupling 
between the nanoparticle and its images may significantly modify several key optical features of unsupported 
nanoparticles, exemplified by highly non-uniform field distributions in the nanoparticle-substrate vicinity, spectral 
shifts, and increased coupling to higher-order (HO) multipoles13,14.   
Several previous studies have experimentally explored the substrate effect in the context of ensemble-averaged 
optical measurements on nanoparticle arrays fabricated by electron beam lithography15–17, demonstrating a clear 
dependence of the LSP energy on substrate dielectric properties. However, averaging and convoluting the influence 
of the substrate with, for example, nanoparticle size or shape variation, cannot be avoided in ensemble studies. 
Correlative probing of the optical response and structural properties at single particle level, using optical and ex-
situ transmission electron microscopes (TEMs) studies, has been carried out for gold (Au) and silver (Ag) 
nanocubes, where both the dielectric properties and the thickness of a substrate were found to have a large effect on 
optical properties18,19. A powerful technique for the characterization of plasmonic properties is EELS performed in 
a TEM, which enables in-situ correlative studies of optical and structural properties20,21. Improvements made in the 
energy resolution in TEM to below 0.2 eV in the last two decades has made the optical energy range in EELS 
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accessible, allowing LSPs to be probed and studied with sub-nanometer spatial resolution6,8,22–26. TEM requires 
specimens thin enough to be electron transparent (typically below 100 nm) and therefore, plasmonic nanoparticles 
studied by EELS are typically supported on thin membranes6,8,27 or buried in a thin embedding material28. In many 
cases, modest attention has been given to the influence of the substrate, where it is either not taken into account6,8,29 
or assumed to act as a homogeneous background medium, whose effective permittivity is fitted by comparing 
simulations to experimental results27,30,31. More recently, a number of studies have focused on specific substrate 
induced effects in EELS, such as mode splitting and energy transfer between LSPs and the substrate in the optical 
response of truncated nanospheres and nanocubes32–35. In this work, we investigate the substrate effect in EELS 
through a systematic study of the LSP resonances appearing in the EELS spectra of Ag and Au nanoparticles 
supported on a variety of substrates, allowing a full examination of the role of substrate material composition and 
thickness. Furthermore, motivated by our recent findings of strong dependence of the EELS signal on the position 
of the electron beam relative to the particle (impact parameter)28, we additionally investigate this dependence and 
its interplay with substrate parameters. Throughout, the experimental findings are compared with accurate and fully 
retarded simulations of the EELS signal computed using the boundary element method.  
RESULTS 
AG NANOPARTICLES. STEM images of the Ag and Au nanoparticles and a schematic illustration of the 
relative geometric parameters are presented in Figure 1. The examined nanoparticles were found to have close to 
spherical geometries with diameters 2R = 20.4 ± 1.5 nm in the case of Ag, and 2R = 53.5 ± 2.3 nm in the case of 
Au (averaged measurements from 30 nanoparticles in each case). The particle diameters fall outside the range of 
significant non-classical corrections, e.g. due to nonlocality36, thus justifying the local response treatment of the 
EELS signal. Larger Au particles were deliberately chosen to ensure satisfactory levels of signal in the experimental 
EELS data, as EELS data collected from Au particles generally contain low signal to noise ratios.  
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Figure 1: High-angle annular dark-field STEM images of (a) Ag and (b) Au nanoparticles. The length of the scale 
bar in each case is 20 nm. (c) A schematic illustration of the considered setup, highlighting the relevant 
parameters in the experiments.  
The simulated EEL spectra calculated for a 2R = 20 nm Ag nanosphere in vacuum and embedded in infinitely 
thick SiO2, SiNx and Si media as functions of the beam impact parameter b are summarized in Figure 2. While these 
setups are unrealizable experimentally, they provide a useful point of reference for comparison with the substrate-
supported particles. In the case of Ag particle in vacuum (Figure 2 (a, e)), three distinct regions within the examined 
impact parameter range are identified:  
Region (i): 1.5R (15 nm) < b < 2R (20 nm): a single peak at ~ 3.5 eV, corresponding to the dipole excitation, 
is observed. 
Region (ii): 1R (10 nm) < b < 1.5R (15 nm): in this region additional peaks, corresponding to the excitation of 
HO modes, appear and intensify with decreasing b. It is important to stress here that while distinct 
HO modes can clearly be distinguished in the unbroadened simulated data, we will in general not 
have sufficient energy resolution to resolve individual multipole peaks experimentally28. Instead, a 
single broad peak will be observed in the EEL spectrum; this is reproduced by the broadened 
simulated data, which accounts qualitatively for this finite energy resolution.  
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Region (iii): b < R (10 nm): in this region a final additional peak emerges at ~ 3.8 eV, corresponding to the 
excitation of the bulk plasmon. In contrast to regions (i) and (ii), HO modes have magnitudes 
comparable to or higher than the dipole LSP mode in this region. 
 
Figure 2: Simulated EELS intensity maps and spectra at selected impact parameter positions simulated for a 2R = 
20 nm Ag nanosphere fully embedded in (a, e) vacuum, (b, f) SiO2, (c, g) SiNx, and (d, h) Si. Pink filled areas in 
(e – h) denote the simulated spectra convoluted with a Gaussian envelope with FWHM of 0.15 eV, accounting for 
the energy resolution of the experiments. 
Overall, the same trend can be identified in the EELS response of the embedded particles, with the dipole LSP 
being largely the dominant feature in region (i), HO LSPs intensifying in region (ii) and the bulk plasmon, as well 
as the dipole and HO LSPs being present in region (iii). However, two major distinctions in the plasmonic response 
of the embedded Ag particles relative to that of the Ag particle in vacuum can be observed: one is the redshift of 
the LSPs, increasing from SiO2 to Si (the center energy of the dipole LSP occurring at ~ 3.1 eV, ~ 2.5 eV and ~ 1.5 
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eV for particles embedded in SiO2, SiNx and Si, respectively), and the other is the higher number of HO modes 
discernable in the spectra at given b positions.  
The following observations are made when examining the simulated EELS spectra of Ag nanoparticles 
supported on SiO2 substrates with thicknesses t = 8 nm and 20 nm, presented in Figure 3: In region (i) (b > 1.5 R) 
the dipole LSP mode is the main feature in the EEL spectra, although a weak shoulder due to HO modes can also 
be discerned in Figure 3d. Only a slight redshift of the dipole LSP with respect to its frequency in vacuum (~ 0.05 
eV) is observed here compared to the embedded scenario. Broadening the simulations with a Gaussian function 
increases the line-width of the plasmon feature but the center energy of this feature remains unchanged, since the 
probability of exciting HO modes within this impact parameter range remains low. This indicates that the main 
plasmon feature in the EEL spectra acquired in this region can be directly interpreted as the dipole LSP mode. In 
region (ii) (R < b < 1.5 R) the spectral features associated with HO modes become increasingly prominent, with the 
onset of significant modifications to the dipole-only response occurring at comparatively larger b than that for an 
unsupported particle. Broadening the simulated data here smears out the dipole and HO modes and produces a 
single broad peak encompassing all LSP excitations. As the result, the LSP feature in the broadened data is 
blueshifted relative to the dipole mode, due to the increasing intensity of the HO modes. In region (iii) (b < R) the 
bulk plasmon, as well as the dipole and HO modes are present. The HO modes in this region have intensities 
comparable to that of the dipole mode. Subsequently, the single LSP feature in the broadened spectra is further 
blueshifted relative to the dipole LSP mode.  
Comparing the spectra in Figures 3(e) and (f) shows that broadening the simulated data reproduces many of the 
features observed experimentally. In particular, there is good agreement between the energies at which different 
spectral features occur. However, all excitations still have wider line-widths in the experimental data and the bulk 
plasmon intensity is consistently overestimated in the simulations. The overestimation of the bulk plasmon intensity 
in similar simulations has been observed by others29,37,38 and has been ascribed to further attenuation of the beam 
inside the metallic nanoparticles in experiments, not accounted for in the simulations37. Moreover, the simulations 
assume a normal incident angle of electrons relative to the substrate and negligibly small post specimen scattering 
collection angles, while the experiments employ a convergent electron probe with convergence semi-angle of ~ 25 
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mrad and a collection semi-angle of ~ 28 mrad. The plasmon energy is a function of the scattering vector and shifts 
to larger values at higher scattering angles39. The relatively large acceptance angle of the EELS spectrometer here 
allows collection of a range of scattering angles, resulting in a slight blueshift and broadening of the recorded 
plasmon features. Additional damping of the plasmon excitations through transfer of energy to single electron 
transitions, given the relatively large scattering collection angle in the experiments is also possible40. Other possible 
contributing factors to the observed increased line-widths of the plasmon features include Kreibig damping41,42 and 
structural defects43,44 and impurities present in the Ag nanoparticles.   
 
Figure 3: EELS intensity maps and selected spectra at different impact parameter positions simulated for a 2R = 
20 nm Ag nanoparticle (a, b, d, e) and experimentally acquired from 2R ~ 20 nm Ag nanoparticles (c, f) supported 
on t = 8 nm and 20 nm SiO2 substrates. 
Overall, only minor differences are observed between the EEL spectra of particles on t = 8 nm and 20 nm SiO2: 
in both experimental and simulated spectra, the relative intensity of HO to dipole modes is slightly increased for the 
thicker substrate, and a slightly larger redshift of the LSP modes for the thicker substrate is found in the simulations. 
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The experimental and simulated EEL spectra for Ag nanoparticles supported on t = 5 nm and 20 nm SiNx 
substrates are shown in Figure 4. The simulated results show significant changes in the EEL spectra of the Ag 
nanoparticle compared to those in vacuum and SiNx media and on a SiO2 substrate: while previously only one 
dominant feature was present in region (i), in the case of the Ag nanoparticle on SiNx, at least 3 different features 
with similar intensities are present. The energies at which the dipole and HO modes occur are redshifted compared 
to both particles in vacuum and on a SiO2 substrate (the dipole mode shifted by ~ 0.2 eV for Ag supported on a t = 
5 nm substrate relative to Ag in vacuum). Increasing substrate thickness results in larger levels of background signal, 
increasing redshift of the LSP modes and increasing relative intensity of HO to dipole modes. The separate dipole 
and HO modes present in the simulated spectra disappear after applying Gaussian broadening (due to comparable 
intensities of the dipole and HO LSPs in this region) and are replaced with a broad feature, whose center energy 
does not correspond to that of the dipole LSP.  This implies that the LSP feature recorded experimentally from Ag 
nanoparticles on SiNx substrates in region (i) can no longer be interpreted as having mainly dipolar characteristics. 
Obtaining EEL spectra containing primarily the contribution from the dipolar LSP consequently requires acquisition 
at even larger impact parameters. However, acquiring EEL spectra with adequate signal to noise ratios at b > 2 R 
can prove to be a challenge. In region (ii), the intensity of the HO modes continues to increase and exceeds that of 
the dipole mode. Accordingly, the center energy of the broadened LSP feature in this region continually blueshifts 
with decreasing b.  Region (iii) in the experimental data is again marked by the appearance of the bulk plasmon. 
The same discrepancy between the intensity of the bulk in the simulated and experimental spectra exists here as did 
in the case of Ag particles on SiO2 substrates.  
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Figure 4: EELS intensity maps and selected spectra at different impact parameter positions (a, b, d, e) simulated 
for a 2R = 20 nm Ag nanoparticle (a, b, d, e) and experimentally acquired from 2R ~ 20 nm Ag nanoparticles (c, f) 
supported on t = 5 nm and 20 nm SiNx substrates. 
The most considerable modification in the plasmonic response of the Ag nanoparticles is seen in the case of 
particles on a Si substrate, as the EEL spectra in Figure 5 do not resemble those of nanoparticles in vacuum or 
embedded in Si: all spectral features in the simulated data are much broader and are strongly redshifted compared 
to those calculated for particles in vacuum, on SiO2 or SiNx substrates. Two prominent spectral features can be seen 
in region (i): the dipole LSP mode at ~ 2.9 eV and a HO LSP mode at ~ 3.5 eV. The relative intensity of the HO to 
dipole modes increases with decreasing b and similar to what was observed for SiNx, the intensity of the HO LSPs 
already exceeds that of the dipole LSP in this region. This trend continues throughout the studied impact parameter 
range. No additional features appear in region (ii). The bulk plasmon feature is present at ~ 3.8 eV in region (iii), 
as expected. Contrary to what was observed for SiO2 and SiNx substrates, broadening the simulated data here makes 
little difference to the overall appearance of the EEL spectra, since all the features present are already quite broad. 
Increasing t produces the same effect on the center energy, relative intensity of the dipole to HO modes and the 
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background signal, as discussed previously. A practical implication of the broad line-widths of the features and the 
large background signal from the substrate is reduced signal to noise ratio and poor visibility of spectral features, 
making analyzing the experimental data particularly challenging. This is evident in the experimental results in 
Figure 5, where the HO mode at 3.5 eV and the bulk plasmon at 3.8 eV are difficult to resolve.  
 
Figure 5: EELS intensity maps and selected spectra at different impact parameter positions (a, b, d, e) simulated 
for a 2R = 20 nm Ag nanoparticle (a, b, d, e) and experimentally acquired from 2R ~ 20 nm Ag nanoparticles (c, f) 
supported on t = 5 nm and 15 nm Si substrates. 
 
AU NANOPARTICLES. Simulated intensity images and selected EELS spectra computed for 2R = 50 nm 
Au nanoparticles in vacuum and embedded in SiO2, SiNx and Si media are presented in Figure 6. In the case of an 
Au particle in vacuum, little difference is found between regions (i) (1.5R < b < 2R) and (ii) (R < b < 1.5 R), where 
all spectra contain a single broad peak at ~ 2.4 eV.  In region (iii) (b < R), still only a single broad peak is present 
in the spectra but at a slightly higher energy of ~ 2.5 eV. Since here the electron beam transverses the particle and 
that the bulk plasmon in Au occurs at 2.5 eV25,45, this observed energy shift signifies the predominantly bulk 
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plasmon nature of this peak in region (iii). The simulated EELS response of an Au nanoparticle embedded in SiO2 
features the dipole LSP at ~ 2.3 eV in regions (i) and (ii) and the bulk plasmon at ~ 2.5 eV in region (iii). The dipole 
LSP of Au nanoparticles embedded in SiNx and Si are additionally redshifted compared to particles in vacuum 
(occurring at ~ 2.0 eV and ~ 1.25 eV, respectively). Moreover, similar to the EELS response of Ag particles in 
Figure 2, HO LSP modes are also present in the spectra simulated for Au particles embedded in SiNx and Si, and 
increase in magnitude with decreasing b.  
 
Figure 6: Simulated EELS intensity maps and spectra at selected impact parameter positions simulated for a 2R = 
50 nm Au nanoparticle fully embedded in (a, e) vacuum, (b, f) SiO2, (c, g) SiNx, and (d, h) Si. Pink filled areas in 
(e – h) denote the simulated spectra convoluted with a Gaussian envelope with FWHM of 0.15 eV. 
Figure 7 summarizes the simulated and experimental results acquired for Au nanoparticles supported on various 
substrate materials and thicknesses. Overall, little difference is detected between the simulated EEL spectra of 
supported Au particles and in vacuum: regions (i) and (ii) feature only the dipole LSP (redshifted by 0.04 eV for 
Au particle supported on 5 nm thick Si substrate relative to the dipole LSP of particle in vacuum) and region (iii) 
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contains predominantly the bulk plasmon. The same pattern is observed in the experimental data, with the LSP at ~ 
2.4 eV present in regions (i) and (ii) and the bulk plasmon in region (iii).  Throughout, much poorer signal to noise 
ratio is detected from Au particles compared to Ag, as it is clear from the spectra in Figure 7(f).  
 
Figure 7: EELS intensity maps and selected spectra at different impact parameter positions simulated for a 2R = 
50 nm Au nanoparticle (a, b, d, e) and experimentally acquired from 2R ~ 50 nm Au nanoparticles (c, f) supported 
on SiO2, SiNx and Si substrates. The spectra in (d – f) follow the same color presentation as in Figures 3 – 5 (SiO2: 
t = 8 nm in black and t = 20 nm in brown; SiNx: t = 5 nm in dark gray and t = 20 nm in red; Si: t = 5 nm in light 
gray). 
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DISCUSSIONS 
The results presented demonstrate that the substrate can significantly affect the EELS measurements of LSPs. 
For a dielectric substrate, the modifications induced include redshift in the resonance energy of LSPs, increased 
probability of exciting higher order modes and increased damping of the LSPs. Here, we explore how different 
parameters influence the extent of these modifications.    
SUBSTRATE MATERIAL. Of the three substrate materials studied, SiO2 and SiNx are insulators and are 
expected to be effectively lossless in the energy range considered. For non-insulating substrate materials, 
contributions in EEL spectra due to substrate losses are anticipated. Si, for instance, is a semiconductor with a 
bandgap of ~ 1.4 eV and subsequently, loss features due to the substrate itself can be present above the bandgap. 
Moreover, due to the close proximity of the nanoparticles and the substrate, LSPs are afforded an additional decay 
channel via the lossy substrate, which leads to increased plasmon line-width35, as observed here. Additionally, the 
substrate induced redshift in the LSP energy and the probability of exciting HO modes exhibit dependence on 
substrate material. The influence of the substrate on the properties of the dipole LSP can be assessed qualitatively 
by considering the semi-infinite substrate in an image-dipole approximation: the dipole resonance condition for a 
spherical nanoparticle with permittivity ε, supported on an infinitely thick substrate with permittivity εsub and 
embedded in a medium with permittivity εmed can be described by a quasistatic resonance condition within the 
image-dipole approximation46–48: 
𝜀med + 𝐿∥,⊥(𝜀 − 𝜀med) = 0                   (1) 
with so-called depolarization factors49 defined by: 𝐿∥,⊥ =
1
3⁄ {1 −
𝜂∥,⊥
8
𝜀sub−𝜀med
(𝜀sub+𝜀med)
} . Here, 𝜂∥,⊥ expresses the 
fact that the substrate splits the three-fold dipole-degeneracy into two partitions based on the orientation of the LSP 
dipole moment (in-plane 𝜂∥ = 1 and out-of-plane 𝜂⊥ = 2). The influence of the substrate, relative to its absence, is 
thus to redshift the dipole LSP: e.g., for a pure Drude metal (𝜀 = 1 − 𝜔p
2/𝜔2) in a vacuum embedding (𝜀med = 1), 
the resonance frequency is shifted from 𝜔p/√3 to 𝜔p√𝐿∥,⊥, i.e. to the red since 𝐿∥,⊥ < 1/3  for 𝜀sub > 1. The 
splitting between in- and out-of-plane oriented dipole LSPs, is too small to observe in the present experiments, 
contributing instead as additional broadening to the main dipole peak. Overall, the depolarization factors 𝐿∥,⊥ 
decrease monotonically with increasing 𝜀sub, forcing the redshift to similarly increase with the substrate 
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permittivity: the same trend is observed in our experimental results (see Figures S1 and S2 in the Supporting 
Information (SI)). Moreover, the probability of exciting HO LSPs increases with increasing εsub, since the local 
contrast in dielectric environment acts to break the translational symmetry of the embedding material, thereby 
providing an additional source of momentum through secondary scattering of the incident field of the electron 
probe9,50.   
A further consideration for choosing a substrate is its tendency to charge when exposed to an electron beam, due 
to, for example, secondary electron emission from the irradiated area. For metals or good conductors, any net local 
charge is neutralized on a time scale that is much smaller than the dwell-time of the beam at a particular position 
during image acquisition. For poor conductors, the dielectric relaxation time, 𝜏d =  𝜌𝜀sub, where 𝜌 is the nominal 
film resistivity, may become comparable to the beam dwell-time, resulting in injection of charges (which can be 
mobile or non-mobile depending on the specific inelastic processes involved) in the illuminated area of the substrate. 
In extreme cases, substrate charging can inhibit data acquisition by causing the electron beam to be deflected51 and 
therefore, wide bandgap substrate materials are in general not favorable when charging is concerned. When 
employing insulating substrates, it could be necessary to reduce the electron beam current or beam dwell time per 
image pixel in order to mitigate the practical implications of charging. In our case, some levels of image drift and 
specimen instability were experienced during data acquisition from particles supported on SiO2 and SiNx substrates, 
but only when higher acquisition times or beam currents were used. Besides these practical implications, charging 
can also modify the EELS signal: if injected charges are mobile and confined to the surface of the substrate, their 
role can qualitatively be described as a change in the (quasistatic) reflection coefficient, which contributes to the 
polarizability tensor. In cases where 𝜏d is comparable to the acquisition time at each point along a line-scan, the 
electron beam will effectively be dragging a localized charge spot along and would require the treatment of the 
particle interacting with an external point charge. In all cases, a systematic study of beam-induced charge dynamics 
is necessary to properly comprehend the consequences of charging in EELS. Here, while substrate charging was 
not found to interfere with data acquisitions, we cannot exclude the role of substrate charging in the observed 
discrepancies between theory and simulations, in particular the excessive broadening and the differences in the 
observed probabilities. 
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SUBSTRATE THICKNESS. The assumption of a semi-infinite substrate underlying Eq. (1) necessarily entails 
an overestimation of the substrate-induced redshift and also neglects the thickness-dependence of the substrate. The 
treatment can be generalized, however, by introducing an additional image dipole to account for the finite substrate 
thickness, t. Doing so (for weakly reflective substrates with 𝑡/𝑅 ≫ 1), the depolarization factors generalize to 
𝐿∥,⊥(𝑡) ≃
1
3
{1 −
𝜂∥,⊥
8
𝜀sub−𝜀med
𝜀sub+𝜀med
 [1 − 𝑓(𝑡)]} with a thickness-dependent factor 𝑓(𝑡) =
4𝜀sub𝜀med
(𝜀sub+𝜀med)2
(
1
1+𝑡/𝑅
)
3
. 
Accordingly, the substrate-dependent redshift reduces with decreasing t; a feature which is supported by the results 
presented here.  
Moreover, we observe an increased background signal with increasing t, most notable for particles supported on 
Si and SiNx substrates. The appearance of a substrate related background signal in SiNx is surprising, given that no 
losses are expected in this material below ~ 5 eV (see permittivity functions in Figures S1 and S2 in SI). We attribute 
this effect to Čerenkov losses, which occur when the speed of electrons exceeds the speed of light in a material 52,53. 
The probability of Čerenkov radiation emission increases with the refractive index of a material and thickness (see 
Figures S3, S4 and S5 in SI). At the accelerating voltage employed in our experiments (120 kV) electrons travel at 
the speed 0.59c, where c is the speed of light, and Čerenkov losses are expected to be emitted in materials with 
refractive indices above ~ 1.7. The refractive index of SiNx remains above this threshold value within the whole 
energy range studied and consequently, Čerenkov losses are present in our spectra. An even larger Čerenkov 
contribution is present for Si, which has a larger refractive index than SiNx. Conversely, the refractive index of SiO2 
remains below the threshold value and minimal background signal is detected, even from thicker substrates.  
NANOPARTICLE MATERIAL. Besides substrate related properties, the nanoparticle itself also has a striking 
influence on the extent of modifications introduced by the substrate: contrary to Ag nanoparticles, the plasmonic 
response of Au nanoparticles shows only a weak dependence on the presence or choice of a substrate. This 
anomalous difference in the behaviour of Au arises from the strong screening of plasmon excitations by its bound 
electrons9,54,55 and can be understood by considering a simple non-retarded description of the LSP frequency of a 
nanosphere in a homogeneous embedding. For a metallic nanosphere with permittivity 𝜀(𝜔) = 𝜀B(𝜔) −
𝜔P
2
𝜔2
⁄  
and fully embedded in a medium with permittivity εmed, the l
th order LSP frequency is given by56: 
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𝜔𝑙 =
𝜔p
√𝜀B + 
𝒍+1
𝑙
 𝜀med
                   (2) 
where ωp is the bulk plasmon frequency and εB is the contribution of the bound electrons to the permittivity of 
the metal, i.e. εB’s deviation from unity accounts for effects beyond the free-electron, or Drude behavior (e.g. due 
to interband transitions). It is clear that in cases where εB >> εmed, the LSP frequency shows only a weak dependence 
on changes in εmed. This effect is further accentuated for particles supported on a substrate (in effect, being partially 
embedded). As a result, the large bound response of Au near the LSP frequencies (see Figure S6 in SI) masks the 
influence of the substrate dielectric properties, explaining the observed weak LSP dependence on substrate material 
for Au nanoparticles. In comparison, the bound response of Ag is significantly less pronounced than that of Au near 
the LSP resonance and accordingly, the substrate dependence is clearly discernible for Ag. 
SUMMARY AND CONCLUSIONS 
Our systematic investigation of the substrate effect on the EELS measurements of LSPs in nanoparticles 
confirms the considerable influence of both the substrate material and thickness. In particular, in the case of Ag 
nanoparticles, the presence of a dielectric substrate was shown to lead to redshift of the LSPs, higher probability of 
exciting HO modes and increasing line-widths of the plasmon features. The plasmonic response of Au nanoparticles 
were to a significantly smaller extent affected by the substrate choice, owing to the large contribution from the 
bound polarization in Au. More relevant to the EELS analysis of Au nanoparticles is the signal to noise ratio of the 
measurements, as the LSPs in Au are highly damped due to interband transitions. Substrate-related losses in the 
EELS signal exacerbated this issue by further reducing the visibility of the signal from the nanoparticles. Our results 
also demonstrate the paramount importance of the choice of electron beam impact parameter when probing distinct 
plasmonic modes is intended, as the EELS signal features most prominently the HO LSPs at small b and the dipolar 
LSP at large b. The threshold b for these two regions, however, is strongly dependent on substrate material and 
thickness. 
Given that the typical set-up in EELS relies on a substrate to support the particles during the examination, a 
pertinent question is which substrate to choose. Our results demonstrate that the extent of substrate induced 
modifications generally increase with εsub and t and thus, if probing the plasmonic properties of nanostructures in 
vacuum is desired, substrates with large εsub and t should be avoided. Choosing substrates with large εsub and t 
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provide the opportunity to study, for example, HO LSPs28 and energy transfer between the LSPs and the substrate35. 
However, it could be necessary to take Čerenkov radiations or other substrate related losses into consideration when 
analyzing the results. Finally, care must be taken in interpretation of EEL spectra with regards to the electron beam 
impact parameter: a pitfall lies in cases where dipolar and HO modes are excited with comparable probabilities (for 
example, when b ~ R or when employing a substrate with large εsub and t) but cannot be resolved individually, due 
to insufficient energy resolution in EELS, resulting instead in the detection of a broad compounding peak, whose 
center energy does not necessarily correspond to any dipole or HO LSPs. Examining the evolution of the signal 
with beam impact parameter position is thus imperative in EELS analysis of plasmonic structures. 
METHODS 
Colloidal Ag and Au nanoparticles with respective diameters of 20 nm and 50 nm and approximately spherical 
geometries were studied here. Ag nanoparticles in an aqueous 2 mM citrate solution were purchased from 
nanoComposix, Inc. and an aqueous solution containing the Au nanoparticles were purchased from BBI Life 
Sciences. TEM specimens were prepared by depositing a drop of the solution containing the nanoparticles on a 
TEM grid and allowing the liquid to evaporate before examination with TEM.  Three popular amorphous substrate 
materials (purchased from TEMwindows), spanning a range of optical material properties, were examined: silicon 
dioxide (SiO2), silicon nitride (SiNx), and silicon (Si). In each case the influence of the substrate thickness was also 
investigated by repeating the experiment for two different thicknesses. Scanning TEM (STEM) images and EELS 
measurements were carried out using an FEI TEM instrument fitted with a monochromator, probe aberration 
corrector and Gatan GIF Tridium 865 spectrometer. The TEM instrument was operated at an accelerating voltage 
of 120 kV, probe convergence angle of 25 mrad, EELS collection angle of 28 mrad and with a resulting imaging 
resolution of ~ 5 Å and energy resolution of ~ 0.15 eV. EELS spectra in the form of line scans across the particles 
were acquired with typical dwell time of ~ 100 ms. The EELS spectra were analyzed after deconvolution of the 
zero-loss peak (ZLP), using a power law function to fit the tail of the ZLP57. Resonance peak positions and full 
widths at half maximum were estimated by fitting features to a Gaussian model.  
Theoretical simulations were computed by means of the retarded boundary element method58, as implemented in 
the MNPBEM toolbox59,60, which solves Maxwell’s equations in the presence of a swift electron (accelerating 
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voltage of 120 keV) normally incident upon the nanoparticle-substrate plane. Both nanoparticle and substrate were 
discretized in triangular elements, and the substrate was treated as a finite radial disk with open lateral boundaries 
of sufficient radial extent to ensure convergence. Similarly, to ensure convergence the nanoparticles were artificially 
shifted 2 Å above the substrate. The dielectric properties of the constituent materials were taken from measured 
data, including spectral dispersion, specifically from Johnson and Christie45 and Palik61 for nanoparticle and 
substrate properties, respectively. For the purpose of comparison with the experimental data, the simulated EEL 
spectra were convolved with a Gaussian function with full width at half maximum equal to the energy resolution of 
the experiments (0.15 eV). The simulations performed for embedded nanoparticles do not include bulk and 
Čerenkov contributions from the embedding media. 
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